In vitro experiments were performed to investigate the effects of melengestrol acetate (MGA) or progesterone (P4) on bovine muscle satellite cells and C 2 C 12 myoblasts. Addition of MGA at physiological and supraphysiological concentrations resulted in a dose-dependent decrease (P < 0.05) in DNA synthesis as measured by 3 H]-thymidine incorporation (TI). Similarly, P4 addition (0.01 nM) reduced (P < 0.05) TI. Addition of MGA (10 nM) increased (P < 0.05) IGF-I mRNA abundance but did not affect myogenin mRNA. Proges-
INTRODUCTION
Melengestrol acetate (MGA) is an orally active synthetic progestin that has been fed to feedlot heifers in the United States for over 30 yr. There have been equivocal results regarding the effects of MGA on heifer performance (Lauderdale, 1983; Adams et al., 1990; Hutcheson et al., 1993) . Furthermore, there is research suggesting MGA may cause early maturity and a subsequent reduction in ribeye area and increase in fat thickness, resulting in a larger proportion of yield grade 4 and 5 heifers (Hutcheson et al., 1993) . This early maturity may be the result of some molecular mechanism involved in postnatal skeletal muscle growth.
Postnatal skeletal muscle hypertrophy is supported by the contribution of satellite cell nuclei to existing muscle fibers. Satellite cells are mononucleated cells located between the basal lamina and sarcolemma of the muscle fiber (Mauro, 1961) . Research has shown that anabolic steroids are capable of stimulating the proliferation of satellite cells in vivo (Johnson et al., 1998a) and in vitro (Kamanga-Sollo et al., 2004) . Changes in local production of muscle IGF-I is believed 2950 terone addition (10 nM) increased myogenin mRNA abundance (P < 0.05). In C 2 C 12 cultures, P4 addition resulted in a dose-dependent decrease in TI. The antiprogestin RU486, in combination with MGA or P4, also resulted in reduced (P < 0.05) TI. Treatment with RU486 alone had a negative effect (P < 0.05) on TI that was similar to the progestins. Treatment of C 2 C 12 myoblasts with MGA (100 nM) resulted in an increase (P < 0.05) in myogenin mRNA. These studies suggest that progestins may reduce satellite cell proliferation, ultimately affecting carcass composition.
to be partially responsible for the increased satellite cell proliferation (Pampusch et al., 2003; Kamanga-Sollo et al., 2004) .
The enhanced muscle growth reported with androgens and estrogens is undisputed, but to our knowledge there is no information on the effects of progestins on skeletal muscle growth. The purpose of this investigation was to determine the effects of MGA and progesterone on proliferation and gene expression of bovine satellite cells and C 2 C 12 myoblasts.
MATERIALS AND METHODS
All experimental procedures were approved by the Kansas State University Institutional Animal Care and Use Committee.
Bovine Satellite Cell Experiments
Bovine Satellite Cell Isolation. Satellite cell isolation was conducted as described previously (Johnson et al., 1998a) . Satellite cells were isolated from six 14-moold crossbred animals, which included 2 heifers and 4 steers. Cattle were killed by captive bolt followed by exsanguination. Using sterile techniques, approximately 500 g of the semimembranosus muscle was dissected and transported to the cell culture laboratory. Subsequent procedures were conducted in a sterile field under a tissue culture hood.
After removal of connective tissue, the muscle was passed through a sterile meat grinder. The ground mus-cle was incubated with 0.1% Pronase (Calbiochem, La Jolla, CA) in Earl's Balanced Salt Solution (Sigma, St. Louis, MO) for 1 h at 37°C with frequent mixing. After incubation, the mixture was centrifuged at 1,500 × g for 4 min, the pellet was suspended in PBS (Gibco, Grand Island, NY; 140 mM NaCl, 1 mM KH 2 PO 4 , 3 mM KCl, 8 mM Na 2 HPO 4 ), and the suspension was centrifuged at 500 × g for 10 min. The supernatant was centrifuged at 1,500 × g for 10 min to pellet the mononucleated cells. The PBS wash and differential centrifugation were repeated twice more. The resulting mononucleated cell preparation was suspended in cold (4°C) Dulbecco's Modified Eagle Medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS; Gibco) and 10% (vol/vol) dimethylsulfoxide (Sigma) and frozen. Cells were stored frozen in liquid nitrogen.
[ 3 H]-Thymidine Incorporation. Bovine satellite cells were plated on 2-cm 2 culture plates for thymidine incorporation. Culture plates were precoated with reduced growth factor, basement membrane Matrigel (BD Biosciences, Bedford, MA), which was diluted 1:10 (vol/ vol) with DMEM. Cells were plated in DMEM containing 10% FBS and incubated at 37°C, 5% CO 2 in a water-saturated environment. Plating density for cells was established empirically so that all cultures were 25 to 50% confluent after the incubation period. This ensured that cell proliferation rate was not affected by contact inhibition.
In the first set of experiments, 48 h after plating the bovine satellite cells in DMEM containing 10% FBS, the cultures were rinsed 3 times with serum-free DMEM, and the appropriate concentrations of MGA (provided by Pharmacia Corp., Kalamazoo, MI; 0, 0.001, 0.01, 0.1, 1.0, 10, and 100 mM), in DMEM containing 2% bovine serum, were added. In the second set of experiments, 2 L of MGA or progesterone (P4; Sigma) concentrations (0, 0.001, 0.01, 0.1, 1.0, and 10 nM) were added directly to the cultures immediately after the plating of the cells. At 48 h, cultures were rinsed 3 times with serum-free DMEM, and DMEM containing 10% FBS was added.
For both sets of experiments, at 72 h the cultures were rinsed 3 times with serum-free DMEM, and 1 Ci/ mL of [ 3 H]-thymidine (NEN Life Science, Boston, MA) was added to each well. Cells with [
3 H]-thymidine were incubated at 37°C, 5% CO 2 in a water-saturated environment for 3 h. After this incubation period, the satellite cells were rinsed 3 times with cold, serum-free DMEM to remove free [ 3 H]-thymidine. Cold 5% trichloroacetic acid (Sigma) was added to every well, and the cultures were incubated overnight at 4°C. The following day, the cells were rinsed twice with cold trichloroacetic acid to remove any remaining unincorporated [
3 H]-thymidine. The precipitated cell material was dissolved in 0.5 mL of 0.5 M NaOH (Sigma) in a rocking incubator for 30 min at 37°C. The NaOH suspensions were transferred quantitatively into scintillation vials containing 10 mL of scintillation cocktail (Fisher Scientific, Hanover Park, IL). The samples were allowed to stand for 2 to 4 h in low light to reduce chemiluminescence before being counted in a scintillation counter. All treatments were measured in triplicate.
RNA Isolation. Bovine satellite cells were plated in DMEM containing 10% FBS as previously described. Melengestrol acetate or P4 (0 and 10 nM) was added to the cultures immediately after plating. At 48 h, the cultures were rinsed 3 times with serum-free DMEM, and fresh DMEM containing 10% FBS was added, along with the appropriate MGA concentrations. At 72 h, total RNA was isolated using the Absolutely RNA Microprep Kit (Stratagene, La Jolla, CA). The abundance of RNA was determined by absorbance at 260 nm . Total RNA (1 g) was reverse-transcribed to produce first-strand complementary DNA (cDNA) using TaqMan Reverse Transcription Reagents and MultiScribe reverse transcription (Applied Biosystems, Foster City, CA) and the protocol recommended by the manufacturer. Random hexamers were used as primers in cDNA synthesis.
Real-Time Quantitative PCR. Real-time quantitative PCR was used to measure the quantity of IGF-I or myogenin gene expression relative to the quantity of 18S ribosomal RNA (rRNA) in total RNA isolated from cultured bovine satellite cells. Measurement of the relative quantity of cDNA was performed using TaqMan Universal PCR Master Mix (Applied Biosystems), 900 nM of the appropriate forward and reverse primers, 200 nM of the appropriate TaqMan detection probe, and 1 L of the cDNA mixture. The bovine-specific IGF-I and myogenin forward and reverse primers and TaqMan detection probes were synthesized using published GenBank sequences. The sequences were as follows: IGF-I forward primer: TGTGATTTCTTGAAGCAGGT-GAA, reverse primer: AGCACAGGGCCAGATAGAA-GAG, and TaqMan probe: 6-FAM-TGCCCATCACATC-CTCCTCGCA-TAMRA; myogenin forward primer: AGAAGGTGAATGAAGCCTTCGA, reverse primer: GCAGGCGCTCTATGTACTGGAT, and TaqMan probe:
6-FAM-CCCAACCAGAGGCTGCCCAAAGT-TAMRA. Commercially available eukaryotic 18S rRNA primers and probes were used as an endogenous control (Applied Biosystems; GenBank Accession #X03205). The ABI Prism 7000 detection system (Applied Biosystems) was used to perform the assay utilizing the thermal cycling variables recommended by the manufacturer (50 cycles of 15 s at 95°C and 1 min at 60°C). The endogenous 18S rRNA control was used to normalize the expression of IGF-I and myogenin.
C 2 C 12 Myoblast Experiments
Cell Culture. Myoblasts (C 2 C 12 ; American Type Culture Collection, Manassas, VA) were cultured in DMEM containing 10% FBS. Cells were removed from the culture flask by using 0.05% trypsin (Gibco), which was neutralized by adding DMEM containing 10% FBS. Cells were plated from passages 3 to 8 at 1,000 cells/ cm 2 onto 24-well tissue culture plates for cell proliferation, and at 2,000 cells/cm 2 onto 6-well plates for gene expression assays. Plates were incubated for 24 h and then rinsed 3 times with warm phenol red-free DMEM, followed by the addition of the appropriate test media for cell proliferation or gene expression assays. RNA Isolation. The C 2 C 12 cells were plated in DMEM containing 10% FBS onto 6-well tissue culture plates at 2,000 cells/cm 2 . The cells were incubated for 24 h and then rinsed 3 times with phenol red-free DMEM, and MGA or P4 (0, 0.01, 1.0, 10, 100, or 1,000 nM) was added to the cultures. At 72 h, total RNA was isolated and used for first strand synthesis of cDNA, as previously described.
Real-Time Quantitative PCR. Real-time quantitative PCR was used to measure the quantity of IGF-I and myogenin mRNA relative to the quantity of 18S rRNA in total RNA isolated from C 2 C 12 cells. Measurement of the relative quantity of cDNA was performed using TaqMan Universal PCR Master Mix (Applied Biosystems), Assays-on-Demand Gene Expression Products (Applied Biosystems), and 1 L of the cDNA mixture. The Assays-on-Demand consisted of PCR primers and a TaqMan MGB probe (FAM dye-labeled). Commercially available eukaryotic 18S rRNA primers and probes were used as an endogenous control, as previously described.
Statistical Analysis. Data were analyzed as a completely randomized design using the MIXED model (SAS Inst. Inc., Cary, NC). The difference between control and treatment was determined using the least significant difference procedure. Means were considered significantly different at P < 0.05. tate was added to bovine satellite cell cultures at concentrations that included physiological (e.g., 10 nM) and supraphysiological (e.g., 100 mM) doses. The physiological concentrations used would be similar to blood concentrations of MGA from a heifer fed the approved 3 H]-thymidine incorporation of bovine satellite cells was reduced (P < 0.05) 27, 25, and 28%, respectively, compared with the control with the low MGA doses. Additionally, high MGA doses further reduced (P < 0.05) [
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3 H]-thymidine incorporation 50 and 57%, respectively, compared with control cultures.
In the second set of experiments, MGA concentrations spanning the physiological range reduced [ 3 H]-thymidine incorporation compared with control cultures (P < 0.05). Cultures treated with 0.001 nM MGA were not affected; however, addition of 0.01, 0.1, 1.0, and 10 nM MGA reduced [ 3 H]-thymidine incorporation 14, 15, 26, and 30%, respectively (P < 0.05; Figure 2A ). Progesterone addition of 0.01 nM reduced (P < 0.05) [
3 H]-thymidine incorporation 22%; however, no other concentrations significantly affected [ 3 H]-thymidine incorporation rate ( Figure 2B ). The cultures in this experiment were treated with progestins 24 h longer than those from the first experiment. This may be a source of explanation for the difference in Figure 3A ). Insulin-like growth factor-I mRNA abundance was not affected by P4 addition ( Figure 3B ). The addition of MGA did not significantly affect myogenin mRNA abundance ( Figure  4A ). Progesterone treated cultures increased (P < 0.05) myogenin mRNA abundance 2.5 times control cultures ( Figure 4B ). Relative IGF-I mRNA levels in total RNA isolated from proliferating bovine satellite cell cultures treated with melengestrol acetate (MGA; A) or progesterone (P4; B) for 48 h (0 or 10 nM) in Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum. After 48 h exposure to the treatment, total RNA was isolated from the cells, and relative mRNA abundance was determined using real-time quantitative PCR. Bars are means ± SE relative to control (no MGA or P4 added). *Bars differ from control (P < 0.05). Values are means from 11 culture dishes derived from 6 animals (A), or 3 culture dishes derived from 3 animals (B). thymidine incorporation. Initial studies of proliferation rate in C 2 C 12 myoblasts treated with MGA in FBS resulted in variable effects. Therefore, we used IGFBP-3-free swine serum to inhibit any masking effects caused by the IGFBP-3. Melengestrol acetate and P4 addition (0.01, 1.0, or 100 nM) to C 2 C 12 myoblasts resulted in reduced (P < 0.05) DNA synthesis as measured by [
3 H]-thymidine incorporation ( Figure 5 ). Melengestrol acetate concentrations of 0.01 and 100 nM reduced (P < 0.05) [
3 H]-thymidine incorporation by 45 and 55%, respectively, compared with the control (Figure 5A ). Relative myogenin mRNA levels in total RNA isolated from proliferating bovine satellite cell cultures incubated with melengestrol acetate (MGA; A) or progesterone (P4; B) for 48 h (0 or 10 nM) in Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum. After 48 h exposure to the treatment, total RNA was isolated from the cells, and relative mRNA abundance was determined using real-time quantitative PCR. Bars are means ± SE relative to control (no MGA or P4 added). *Bars differ from control (P < 0.05). Values are means from 11 culture dishes derived from 6 animals (A), or 4 culture dishes derived from 3 animals (B).
Treating cultures with 1 nM MGA reduced (P < 0.05) [ 3 H]-thymidine incorporation 23% compared with control cultures. Progesterone addition to C 2 C 12 myoblasts resulted in a dose-dependent decrease (P < 0.05) in [ 3 H]-thymidine incorporation ( Figure 5B). The [ 3 H]-thymidine incorporation of C 2 C 12 cells was not affected by the addition of 0.01 nM P4. However, the addition of 1 nM and 100 nM P4 to proliferating C 2 C 12 cells reduced (P < 0.05) [
3 H]-thymidine incorporation 37 and 42%, respectively, compared with that in control cultures. Addition of RU486 alone or in combination with MGA or P4 was used to determine direct effects on DNA synthesis as measured by C 2 C 12 [
3 H]-thymidine incorporation. A potent inhibitor of progestin action, RU486 binds to the intracellular P4 receptor. The RU486 is unable to block progestin effects not mediated through binding of nuclear receptors (Sager et al., 2003) . The addition of RU486 to MGA or P4 treated cultures did not attenuate the reduction in [
3 H]-thymidine incorporation caused by progestin addition (Figure 6 ). Combinations of RU486 (10 nM) and MGA or P4 (1 nM) resulted in antiproliferative effects. The progestin/antiprogestin combination seemed to further reduce proliferation by 12%. Treatment with RU486 alone had a similar antiproliferative effect as the progestins. Addition of RU486 (0.01, 1.0, 10, and 100 nM) resulted in a decrease (P < 0.05) in the rate of [
3 H]-thymidine incorporation ranging from 25 to 27% ( Figure 5C ). C 2 C 12 Myoblast IGF-I and Myogenin mRNA Abundance. Real-time quantitative PCR was used to assess the effects of MGA and P4 (0, 0.01, 0.1, 1.0, 10, 100, or 1,000 nM) on IGF-I and myogenin mRNA abundance in C 2 C 12 myoblasts. Addition of MGA had no significant effect on IGF-I mRNA abundance compared with control cultures ( Figure 7A ). Addition of MGA (100 nM) increased (P < 0.05) myogenin mRNA abundance to 1.9 times that of control cultures ( Figure 7B ).
DISCUSSION
The results from this study give rise to possible mechanisms through which MGA may affect carcass composition of feedlot heifers. There have been equivocal results regarding effects of MGA effects on ADG, feed efficiency, and carcass characteristics (Bloss et al., 1966; Lauderdale, 1983; Adams et al., 1990) . However, in a review of various feedlot experiments, MGA was not effective in improving ADG or feed efficiency in implanted heifers, but fat thickness and the percentage of heifers with yield grades 4 and 5 increased (Hutcheson et al., 1993) . Mader and Lechtenberg (2000) reported that feeding MGA to heifers implanted with a combination of estradiol and trenbolone acetate reduced gain:feed and caused an increase in carcass fatness and a decrease in longissimus muscle area. Macken et al. (2003) demonstrated that feeding MGA to implanted heifers increased twelfth rib fat thickness and greater calculated yield grade.
In intact heifers, MGA prevents ovulation through inhibition of the preovulatory LH surge (Imwalle et al., 2002) . This allows multiple immature follicles to grow, mature (Mader and Lechtenberg, 2000) , and subsequently produce and release estrogen, eliciting an endogenous estrogenic growth response (Bloss et al., 1966; Zimbelman and Smith, 1966; Lauderdale, 1983) . This mechanism may effectively explain the positive growth response to MGA feeding observed in nonimplanted heifers (Bloss et al., 1966; Zimbelman and Smith, 1966; Lauderdale, 1983) but may also explain why little beneficial growth response to MGA has been observed in implanted heifers (Hutcheson et al., 1993; Adams et al., 1990; Mader and Lechtenberg, 2000) . Heifers given an estrogenic or combination estrogenic/androgenic implant may be maximizing their response to the hormonal cascade initiated by exogenous estrogen administration, limiting their response to endogenous estrogen released from the follicles. The response expected from MGA and from the estrogenic implant may be redundant and nonadditive. Further, there may be additional mechanisms of MGA acting directly on the muscle cells that may attenuate the actions of anabolic agents and lead to reduced performance and increased fat deposition. Moseley et al. (2003) reported that although feeding MGA to steers did not adversely affect performance, carcass weight, or marbling score, feeding MGA did tend to increase carcass fatness in a dosedependent fashion.
Androgens and estrogens have anabolic effects in humans, as well as domestic animal species. Steroid-containing compounds have been used as growth promotants in the livestock industry for over 50 yr. Anabolic steroids enhance muscle growth, improve rate of gain, and increase feed efficiency (Johnson et al., 1996 (Johnson et al., , 1998a Pampusch et al., 2003) . Androgens and estrogens are capable of increasing skeletal muscle growth. However, to our knowledge, a specific role for progestins in modulating skeletal muscle growth has not been established.
One putative mechanism of action of androgens and estrogens to stimulate skeletal muscle growth is through affecting proliferation rate of muscle satellite cells (Johnson et al., 1998a) . Satellite cells are mononucleated cells that are capable of proliferating and fusing with existing muscle fibers in order to donate their nuclei to sustain postnatal muscle growth Leblond, 1970, 1971) . Anabolic steroids are capable of stimulating the proliferation of satellite cells in vivo and in vitro (Johnson et al., 1998a; Kamanga-Sollo et al., 2004) .
It appears that progestins may have opposite effects of androgens and estrogens in skeletal muscle. In the current study, the addition of MGA to cultured bovine satellite cells resulted in a dose dependent decrease in [ 3 H]-thymidine incorporation with supraphysiological and physiological concentrations. The addition of progesterone significantly reduced (P < 0.05) [
3 H]-thymidine incorporation at the 0.01 nM concentration; however, no other concentrations resulted in a similar response. This may be due in part to the media utilized in the current study. Kamanga-Sollo et al. (2004) reported that IGFBP-3 in media containing swine or fetal bovine serum exhibits antagonistic action on IGF-I bioavailability to proliferating myogenic cells. When media containing swine serum or fetal bovine serum were used, no effect on [ 3 H]-thymidine incorporation was reported following steroid treatment. It was proposed the IGFBP-3 was masking the steroid effect on proliferation and was removed to eliminate any interference it may cause. This may give reasoning to the different response in progesterone cultures compared with MGA cultures. Furthermore, in the experiments utilizing C 2 C 12 myoblasts, MGA and progesterone addition resulted in significant reductions in [ 3 H]-thymidine incorporation when IGFBP-3-stripped media was utilized.
In order to examine the mechanism through which MGA and P4 reduced [ 3 H]-thymidine incorporation rate in C 2 C 12 myoblasts, the antiprogestin RU486 was utilized. Progesterone activity is inhibited by RU486 through the nuclear progesterone receptor (Reveli et al., 1998) . However, in our experiments, the addition of RU486 to cultures treated with MGA or P4 did not block the reduction in [ 3 H]-thymidine incorporation. Interestingly, RU486 added alone to C 2 C 12 myoblasts resulted in a significant reduction in [ 3 H]-thymidine incorporation similar to MGA and P4 treated cultures. The inability of RU486 to block the effect of MGA and P4 has been demonstrated in other cell types and is referred to as nongenomic actions (Bielefeldt et al., 1996; Sager et al., 2003) . Nongenomic actions do not involve binding to the classic nuclear receptor and therefore are not affected by inhibitors of that mechanism, such as RU486. Additionally, these responses are very rapid and involve second messenger systems such as cyclic AMP or intracellular Ca 2+ (Falkenstein et al., 2000) . These data support the hypothesis that the reduction in [
3 H]-thymidine incorporation rate observed in C 2 C 12 myoblasts treated with MGA or P4 may be mediated through a nongenomic mechanism, which provides further insight into the direct actions of progestins on skeletal muscle.
Insulin-like growth factor I is a potent stimulator of satellite cell proliferation and differentiation. Furthermore, the mechanism through which anabolic steroids increase proliferation of satellite cells is partially mediated through changes in local production of muscle IGF-I mRNA abundance Pampusch et al., 2003; Kamanga-Sollo et al., 2004) . In the satellite cell cultures treated with trenbolone or estradiol, IGF-I mRNA abundance was significantly increased compared with control cultures (Kamanga-Sollo et al., 2004) . There have also been similar responses of anabolic steroids in vivo. Steers implanted with a combined trenbolone acetate/estradiol implant expressed greater muscle IGF-I mRNA production Pampusch et al., 2003; White et al., 2003) . In the current study, MGA increased IGF-I mRNA abundance 2.2 times compared with the control cultures. This was surprising in that MGA and progesterone at the 10 nM concentration were shown to decrease [ 3 H]-thymidine incorporation of the satellite cells. In general, a reduction in [
3 H]-thymidine incorporation could be a result of reduced local IGF-I concentrations as suggested by previous research (Pampusch et al., 2003; KamangaSollo et al., 2004) . However, IGF-I stimulates the differentiation of cells as well (Johnson and Allen, 1990 ). The increased IGF-I mRNA abundance may be aiding the differentiation process of the cells. Furthermore, the ability of IGF-I to stimulate terminal myogenic differentiation is known to work through the upregulation of the myogenin gene (Florini et al., 1991) .
The expression of myogenin, a muscle regulator transcription factor, is required for terminal differentiation of muscle cells (Rudnicki and Jaenisch, 1995) . Satellite cells express myogenin before they have established a postmitotic state as well (Andres and Walsh, 1996) . Myogenin can be used as an early marker of satellite cell differentiation in proliferating cells before terminal fusion into postmitotic fibers. Research has suggested a role for androgens in myogenin regulation of skeletal muscle differentiation (Lee, 2002 ). In the current study progesterone increased myogenin mRNA abundance 2.5 times in bovine satellite cells. Similarly, MGA (100 nM) increased myogenin mRNA in C 2 C 12 cultures. These results are supported by those of Lee (2002) . However, these data contradict those of Kamanga-Sollo and others (2004) who showed that trenbolone-treated bovine satellite cells exhibited greater proliferation rates and increased IGF-I mRNA in proliferating cultures, suggesting trenbolone stimulates proliferation rather than differentiation as suggested in the current study.
The results from this study aid in our understanding of the role of progestins in postnatal skeletal muscle growth and differentiation.
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